All relevant data are fully available. Please see the data available at: <https://doi.pangaea.de/10.1594/PANGAEA.873051>.

Introduction {#sec001}
============

As in most other areas of the North Atlantic, krill play an important role in the Icelandic marine food web, as conveyors of energy from lower to higher trophic levels including several commercially exploited fish species, seabirds and marine mammals \[[@pone.0187360.ref001]--[@pone.0187360.ref007]\]. Astthorsson et al. \[[@pone.0187360.ref008]\] demonstrated that krill appeared to be the third most important taxonomic group within the Icelandic exclusive economic zone (EEZ) in terms of biomass, with an estimated annual wet weight of \~5 million tons. Despite the importance of krill in the Icelandic marine ecosystem, there is limited information on the large-scale distribution of krill in Icelandic waters. Mostly because sampling krill in this environment at appropriate spatio-temporal scales is logistically and financially challenging.

In the North Atlantic, *Meganyctiphanes norvegica* and *Thysanoessa inermis* are important krill species in terms of abundance and biomass \[[@pone.0187360.ref001],[@pone.0187360.ref009]--[@pone.0187360.ref015]\]. Both species usually inhabit the upper 400 m of the water column \[[@pone.0187360.ref012],[@pone.0187360.ref013],[@pone.0187360.ref016],[@pone.0187360.ref017]\]. A third species, *T*. *longicaudata* is also common in the North Atlantic (e.g. Saunders et al. \[[@pone.0187360.ref013]\]). However, due to its much smaller size than the other two, it was not sampled effectively by the present sampling. *M*. *norvegica* is distributed from the Mediterranean Sea northwards to the subarctic waters in the Norwegian and Greenland Seas \[[@pone.0187360.ref016]\], whereas *T*. *inermis* is mainly found in coastal and shelf break waters of the northern part of the North Atlantic and the Pacific \[[@pone.0187360.ref009], [@pone.0187360.ref016]\].The first systematic study of krill in Icelandic waters is that of Paulsen \[[@pone.0187360.ref018]\], who recorded occurrence and distribution. Stephensen \[[@pone.0187360.ref019]\] later gave an overview of what was then known of the biology and distribution of krill species around Iceland. Later, Einarsson \[[@pone.0187360.ref009]\] reviewed the distribution and ecology of krill around the island, however, mostly confined to coastal waters. The other earlier studies on krill were restricted to specific geographic locations in the north \[[@pone.0187360.ref010],[@pone.0187360.ref011]\] and southwest of Iceland \[[@pone.0187360.ref001]\].

The earlier studies from Icelandic waters indicate that the distribution of *M*. *norvegica* is mainly restricted to the shelf break waters off the southwest coast, with the main spawning regions located over the slope areas in the southwest \[[@pone.0187360.ref009]\]. *T*. *inermis*, on the other hand, is reported as common on the coastal banks all around the island with the main spawning usually occurring in the coastal waters of the northern and eastern coasts \[[@pone.0187360.ref009]\]. Einarsson's \[[@pone.0187360.ref009]\] study is widely recognized as a benchmark study for euphausiid ecology across the North Atlantic. However, as stated above most of his samples were collected from coastal waters which has restricted our understanding of the ecology of krill species in the study region. This study seeks to resolve this issue by extending observations into the offshore environment around Iceland.

Iceland is located on a system of submarine ridges which influences the flow of ocean currents and the distribution of water masses around the island \[[@pone.0187360.ref020]--[@pone.0187360.ref026]\]. The main ocean currents are the East Greenland Current and the East Icelandic Current that transport cold water to the north and east of Iceland and the North Atlantic Current and the Irminger Current that carry warm Atlantic water to the south and west of Iceland ([Fig 1A](#pone.0187360.g001){ref-type="fig"}). Based on hydrographic characteristics Icelandic waters may be divided into three distinct regions: southwest where Atlantic water prevails, north where a mixture of Atlantic-Arctic water dominates and east where the influence of Arctic water is most pronounced \[[@pone.0187360.ref027]--[@pone.0187360.ref029]\]. Although the system is highly dynamic and inter-connected by ocean currents, previous studies have shown that the different hydrographic regions at least partly structure both phytoplankton \[[@pone.0187360.ref030]\] and zooplankton \[[@pone.0187360.ref027]--[@pone.0187360.ref029], [@pone.0187360.ref031], [@pone.0187360.ref032]\] communities around the island. Given the role of krill in the marine food web, it is clearly of interest to study the large-scale distribution and population dynamics of krill in the region. This study aims to describe the distribution, maturity and population structure of *M*. *norvegica* and *T*. *inermis* around Iceland. The results will be examined in the context of the division into main hydrographic domains described above ([Fig 1](#pone.0187360.g001){ref-type="fig"}).

![Study area.\
(A) Map displaying the main ocean currents around Iceland. The currents are adapted from Valdimarsson and Malmberg \[[@pone.0187360.ref033]\]. NAC: North Atlantic Current; IC: Irminger Current; EGC: East Greenland Current and EIC: East Iceland Current. (B) The locations of monitoring stations during the Icelandic spring survey 14--29 May 2013. The black points indicate the CTD stations and open circles show locations where the macrozooplankton trawl was deployed. Grey lines show isobaths of 200, 500 and 1000 m.](pone.0187360.g001){#pone.0187360.g001}

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

All necessary permits for this study were issued by the Icelandic government to the Marine and Freshwater Research Institute, Iceland. We confirm that the field studies did not involve endangered or threatened species.

Sampling {#sec004}
--------

Sampling took place as part of the annual spring survey of the Marine and Freshwater Research Institute during 14--29 May 2013 on the R.V. *Bjarni Sæmundsson*. Samples of krill were obtained using a large fine-meshed midwater trawl, 'macrozooplankton trawl' with a 27-m^2^ mouth opening made of dynice line. The mesh size of the trawl net is identical from the trawl opening to the codend (knotless nylon net with 4 mm meshes, 6 mm stretched). The trawl is equipped with relatively short lastridge lines that causes the trawl net to undulate when towed through the water, preventing animals from being enmeshed in it. The trawl has short 800 mm mesh size wings with floats at the upper wing linings and chains as weight at the lower linings. Floats are also fastened to the headline and chains to the bosom (i.e. the centre portion). The trawl is spread by trawl doors that are fastened to the wing ends by 30 m long dynice towing ropes.

The samples were taken at 13 transects running approximately perpendicular to the coast ([Fig 1B](#pone.0187360.g001){ref-type="fig"}). Usually, two trawl stations were occupied on each transect, one over the shelf and the other offshore ([Fig 1B](#pone.0187360.g001){ref-type="fig"}). A total of 26 trawl stations were undertaken during the study, with sampling conducted during both day (19 stations) and night (7 stations). The trawl was towed obliquely at a speed of \~1.5--2 knots from 200 m to the surface or \~10 m from the bottom where the bottom depth was less than 200 m. A Scanmar acoustic trawl sensor (Marport's Compact Trawl Explorer) was placed on the headline of the trawl to monitor depth and the vertical opening of the trawl during the tow. The volume filtered by the trawl was estimated by multiplying the mouth area with the distance towed. Typically, 10 000--60 000 m^3^ of seawater was filtered by a 0--200 m tow. Vertical profiles of temperature, salinity and chlorophyll *a* were collected at all stations ([Fig 1B](#pone.0187360.g001){ref-type="fig"}) with a Sea-Bird Electronics SBE 9 CTD. Also, the onset of the phytoplankton spring bloom (OPB) was estimated at all stations using weekly (8-day, 25 x 25 km grid) surface chlorophyll *a* data from satellite images \[[@pone.0187360.ref032]\]. The OPB was estimated as the first week of the year in which chlorophyll *a* increased by 5% above the annual median value \[[@pone.0187360.ref032], [@pone.0187360.ref034]\].

Sample analyses {#sec005}
---------------

At sea, the zooplankton samples were sorted into main zooplankton groups (krill, cnidarians, amphipods, fish and shrimp) and then weighed to the nearest gram to estimate biomass. Then, the krill catch was divided into two equal parts using a Motoda splitter \[[@pone.0187360.ref035]\] and preserved for later analysis in the laboratory ashore. One aliquot was preserved in 4% neutralized formaldehyde and the other frozen. However, four samples were too large to be treated in this way. For these samples, \~10% by weight (\~1 kg) of the total catch was taken and preserved as described above.

In the laboratory, the frozen samples were thawed and analysed whole or in aliquots (obtained by a Motoda splitter) containing at least 200 individuals under a stereomicroscope. The level of sub-sampling varied according to the abundance of krill, but usually 1/32 part of the sample was analysed. All krill were identified to species, counted and subsequently staged according to the following maturity classifications: (1) juveniles (indeterminate sex); (2) immature males or females; (3) mature males or females; (4) males with spermatophores in ejaculatory ducts or females with spermatophores attached \[[@pone.0187360.ref009], [@pone.0187360.ref036]--[@pone.0187360.ref038]\]. Total length (TL) and carapace length (CL) were measured using a digital caliper or an ocular micrometer on a stereo microscope. TL was measured from the anterior edge of the eye to the tip of the telson, excluding the setae \[[@pone.0187360.ref016]\]. CL was taken from the base of the eyestalk to the lateral edge of the carapace \[[@pone.0187360.ref039]\]. In cases where the telson or eyes were damaged, only the CL was measured. For these individuals (4280 individuals of a total of 7552 measured), the TL was estimated using equations obtained by linear regressions between TL and CL for intact individuals (*M*. *norvegica*: TL = 3.100CL+7.166, *r*^2^ = 0.86, n = 694, *P*\<0.001; *T*. *inermis*: TL = 2.322CL+9.377, *r*^2^ = 0.67, n = 467, *P*\<0.001). Sex ratio (the number of males/number of females) was estimated for *M*. *norvegica* and *T*. *inermis* at stations where at least 25 individuals were sexed.

We did not test specifically for size selectivity of the macrozooplankton trawl in our study. However, the study of Krag et al. \[[@pone.0187360.ref040]\] who estimated the size selectivity of pelagic trawls for catching Antarctic krill provides some insights. From this study, it may be concluded that a pelagic trawl similar to that used in our study with a mesh size of 6 mm (stretched inside opening), will retain \~95% of krill larger than \~16 mm total length. Based on this we feel confident that at least the adults of both *T*. *inermis* and *M*. *norvegica* were sampled effectively in our study.

Statistical analyses {#sec006}
--------------------

Because the spatial distribution of krill was very uneven, the abundance data were ln(x+1) transformed to stabilize the variance before performing statistical analyses. For the same reason, we use the median rather than mean to describe central tendency of abundance. No significant differences were found in the abundance of krill between day and night catches for all species combined and the species separately (*t*-test, 19 day samples, 7 night samples, *P*\>0.05). Similarly, no significant differences were found in the length-frequency distributions of *M*. *norvegica* and *T*. *inermis* between the day and night samples (Two-sample Kolmogorov & Smirnov tests, *P*\>0.05). Indicating no size-related net avoidance under the different light regimes. Based on these results all samples were treated as comparable. To compare the abundance, distribution, and population structure of *M*. *norvegica* and *T*. *inermis* between the three main hydrographic regions, data were divided into the southwest, north and east regions ([Fig 1](#pone.0187360.g001){ref-type="fig"}) \[[@pone.0187360.ref025]--[@pone.0187360.ref027]\].

Linear and multiple linear regressions were used to explore relationships between the distribution of krill on one hand and temperature (means of 0--200 m), salinity (means of 0--200 m), chlorophyll *a* (means of 0--50 m, mg m^-3^), bottom depth (derived from the ship's echosounder) and the onset of the spring phytoplankton bloom on the other. Shapiro-Wilk test was used to verify the normality of variables. Chlorophyll *a* and bottom depth were subject to natural logarithmic data transformation to normalize the data. For the multiple linear regression, explanatory variables were tested for collinearity by pairwise scatterplots, Pearson's correlation coefficients and variance inflation factors (VIF) \[[@pone.0187360.ref041]\]. Collinear variables with VIF\>5 were not used together in the models. Akaike Information Criteria (AIC) was used to select the best stepwise backward multiple regression models \[[@pone.0187360.ref041]\].

*M*. *norvegica* and *T*. *inermis* cohorts were determined by fitting normal distributions using finite mixture models \[[@pone.0187360.ref042]\]. The split of the length-frequency into their cohort components was done using the separation index (SI) $SI = \frac{\Delta\mu_{i + 1}}{\Delta\sigma_{i + 1}}$; where SI\>2 was used as the bimodal separation criteria \[[@pone.0187360.ref043], [@pone.0187360.ref044]\]. A similar approach has been used in other studies on krill (e.g. Dalpadado and Skjoldal \[[@pone.0187360.ref045]\]). Chi-square tests were also used to double check if the cohort components were suitable. The cohort analysis was conducted on TL data, and we only used stations where at least 50 individuals were measured.

Two-sample Kolmogorov & Smirnov tests were used to compare the length-frequency distributions for each species between regions and sexes statistically. In these analyses, only stations with at least 50 length measurements were used. The TL measurements were binned to 1 mm length intervals, and values in each bin were adjusted to reflect the total catch \[[@pone.0187360.ref046]\], i.e. the numbers in each bin were converted to abundance (individuals 1000 m^-3^).

Results {#sec007}
=======

Physical environment {#sec008}
--------------------

Silva et al. \[[@pone.0187360.ref032]\] have described the hydrographic and phytoplankton conditions during the survey, and therefore we only give an overview of the main features here ([Table 1](#pone.0187360.t001){ref-type="table"}). In general, temperature and salinity were higher in the southwest than in the north and east. On average, both north and east had lower mean chlorophyll *a* concentrations (0.7 and 0.9 mg m^-3^, respectively) than the southwest (2.4 mg m^-3^). The bloom started between weeks 16 and 23 (i.e. mid-April---early June) in the southwest, between weeks 16 and 26 (i.e. mid-April---mid-June) in the north and between weeks 17 and 28 (i.e. late April---mid-July) in the east. When the survey was conducted (the latter half of May 2013), about two to four weeks had passed since the start of the phytoplankton bloom in the southwest and north, while in the east, the bloom was in the initial phase of development ([Table 1](#pone.0187360.t001){ref-type="table"}). In accordance with these findings, both nitrate and silicate were low in the southwest, the silicate being almost depleted, which suggested that the diatom bloom had already peaked when the sampling took place \[[@pone.0187360.ref047]\].

10.1371/journal.pone.0187360.t001

###### Mean (±SE) environmental conditions in the southwest, north and east of Iceland in late May 2013.

![](pone.0187360.t001){#pone.0187360.t001g}

  Region      Mean temperature at 50 m (°C)   Mean temperature at 200 m (°C)   Salinity range at 50 m   Salinity range at 200 m   Mean chlorophyll *a* (mg m^-3^, 0--50 m)   OPB range (Weeks)
  ----------- ------------------------------- -------------------------------- ------------------------ ------------------------- ------------------------------------------ -------------------
  Southwest   6.2 ± 0.02                      6.5 ± 0.2                        33.64--35.25             34.48--35.24              2.4 ± 0.04                                 16--23
  North       1.4 ± 0.02                      2.2 ± 0.2                        34.18--35.06             34.72--35.01              0.7 ± 0.02                                 16--26
  East        0.3 ± 0.01                      1.3 ± 0.2                        34.58--35.24             34.84--35.22              0.9 ± 0.01                                 17--28

OPB denotes the onset of the phytoplankton spring bloom (week of the year).

Distribution and abundance {#sec009}
--------------------------

Four krill species, *M*. *norvegica*, *T*. *inermis*, *T*. *longicaudata* and *Thysanopoda acutifrons*, were found in the samples. However, the latter two species were only found rarely (average values for all stations of 1.4 ± 0.36 and 0.6 ± 0.3 individuals 1000 m^-3^, respectively) and are therefore not considered further in our analysis.

Abundance (individuals 1000 m^-3^) of krill (both species combined) was very unevenly distributed ([Fig 2](#pone.0187360.g002){ref-type="fig"}). Values were generally highest in the southwest and lowest in the north and east (Figs [2](#pone.0187360.g002){ref-type="fig"} and [3](#pone.0187360.g003){ref-type="fig"}). In the southwest, *M*. *norvegica* was relatively much more abundant than *T*. *inermis*. The opposite was true in north and east ([Fig 2B](#pone.0187360.g002){ref-type="fig"}).

![Distribution of *Meganyctiphanes* and *Thysanoessa inermis* around Iceland, 14--29 May 2013.\
(A) Combined abundance of *M*. *norvegica* and *T*. *inermis* (individuals 1000 m^-3^). (B) Relative abundance of *M*. *norvegica* (M.nor) and *T*. *inermis* (T.iner). The grey line indicates the 400 m isobath.](pone.0187360.g002){#pone.0187360.g002}

![Box-Whisker plots of biomass and abundance of krill divided into stations taken southwest (SW), north (N) and east (E) of Iceland, 14--29 May 2013.\
(A) Biomass of *Meganyctiphanes*. *norvegica* and *Thysanoessa inermis* combined (ln (g wet weight 1000 m^-3^ + 1)). (B) Abundance (ln (individuals 1000 m^-3^ + 1)) of *M*. *norvegica* and *T*. *inermis* separately. Vertical lines give the total range; horizontal lines indicate the median values and boxes show the range of 50% of all data (between upper and lower quartiles). Dots represent outliers. The number of samples (stations) for each region are shown along the top of the panels.](pone.0187360.g003){#pone.0187360.g003}

Biomass of both species combined was significantly higher in southwest (\~22.4 g 1000 m^-3^) than in north (\~8.8 g 1000 m^-3^) and east (\~9.4 g 1000 m^-3^) (Kruskal-Wallis with Dunn's post hoc, *χ*^*2*^ = 6.14, n = 14, 5, and 7 for southwest, north and east, respectively, *P*\<0.05) ([Fig 3](#pone.0187360.g003){ref-type="fig"}), while no significant differences were found between biomasses in the north and east (Kruskal-Wallis with Dunn's post hoc, n = 5, and 7 for north and east, respectively, *P* = 0.29). Reflecting this, the abundance of *M*. *norvegica* was higher in the southwest (\~72.9 individuals 1000 m^-3^) than in north (\~1.5 individuals 1000 m^-3^) and east (\~4.3 individuals 1000 m^-3^) (Kruskal-Wallis with Dunn's post hoc, *χ*^*2*^ = 12.74, n = 14, 5, and 7 for southwest, north and east, respectively, *P*\<0.001). However, no significant differences were found in the abundance of *T*. *inermis* between any of the regions (Kruskal-Wallis with Dunn's post hoc, *χ*^*2*^ = 3.63, n = 14, 5, and 7 for southwest, north and east, respectively, *P*\>0.05).

Sex ratio, maturation and spawning {#sec010}
----------------------------------

The sex ratio (male/female) of both species was highly variable ([Fig 4B and 4F](#pone.0187360.g004){ref-type="fig"}). For *T*. *inermis* the sex ratio was similar in all regions (\~0.8; Pearson's χ^2^ = 4.8, n = 10, 5, and 6 for southwest, north and east, respectively, *P*\>0.05). For *M*. *norvegica*, a statistical test could not be carried out due to too few samples (n = 14, 2, and 3 for southwest, north and east, respectively).

![Distribution of abundance, sex ratio, maturation and spawning activity of *Meganyctiphanes norvegica* and *Thysanoessa inermis* around Iceland, 14--29 May 2013.\
(A, E) Abundance (individuals 1000 m^-3^), (B, F) sex ratio, (C, G) abundance of females with spermatophores (individuals 1000 m^-3^), and (D, H) relative abundance of females with (WSper) and without (WoutSper) spermatophores. Grey line is the 400 m isobath. In B and F, the crosses indicate stations where no individuals were found.](pone.0187360.g004){#pone.0187360.g004}

For both species, the abundance of females with spermatophores was generally higher in the southwest than in north and east ([Fig 4C and 4G](#pone.0187360.g004){ref-type="fig"}). For *M*. *norvegica*, the percentage of females with spermatophores was also higher in the southwest than in north and east, whereas for *T*. *inermis*, the percentage of females with spermatophores was more similar in all regions ([Fig 4H](#pone.0187360.g004){ref-type="fig"}).

In the southwest, most of *M*. *norvegica* were females bearing spermatophores (stage 4, 46%), or males with spermatophores in their ejaculatory ducts (stage 4, 30%) ([Fig 5](#pone.0187360.g005){ref-type="fig"}), and no juveniles (stage 1) or immature individuals (stage 2) were found. In the north and east, the proportion of animals with spermatophores (stage 4) was lower and proportion of immature (stage 2) and mature (stage 3) animals higher. The relatively low percentage of females with spermatophores to the north and east of Iceland possibly indicates relatively low breeding activity of animals in these regions at the time of sampling. However, this finding could also reflect population mixing or slower development in the colder waters.

![Sex and maturity stages of *Meganyctiphanes norvegica* and *Thysanoessa inermis* in the southwest (SW), north (N) and east (E) of Iceland, 14--29 May 2013.\
F: females, M: males and IND: Indeterminate sex. The number of individuals analysed is stated in each graph. See [Materials and Methods](#sec002){ref-type="sec"} for details on the maturation stages.](pone.0187360.g005){#pone.0187360.g005}

Maturation of *T*. *inermis* females and males was more advanced in the southwest and north than in the east, as indicated by the relatively high proportion of individuals of both sexes at stage 4 in the southwest and north ([Fig 5](#pone.0187360.g005){ref-type="fig"}). In the east, the percentage of females of *T*. *inermis* with spermatophores (stage 4) was much lower (34%) than in the southwest (51%) and north (48%). Similarly, the proportion of males with spermatophores (stage 4) was much lower in east (7%) than in southwest (33%) and north (24%). As found for *M*. *norvegica*, juveniles (stage 1, 0.1%,) and immatures (stage 2, 19%,) of *T*. *inermis* were most abundant in the east.

Factors affecting distribution {#sec011}
------------------------------

Simple linear regressions showed that the abundance of *M*. *norvegica* was positively related to temperature, salinity and chlorophyll *a* while the abundance of *T*. *inermis* was negatively related to bottom depth ([Table 2](#pone.0187360.t002){ref-type="table"} and [Fig 6](#pone.0187360.g006){ref-type="fig"}).

![Relationships between the abundance of *Meganyctiphanes norvegica* and *Thysanoessa inermis* and environmental variables.\
(A) Temperature (°C, average 0--200 m), (B) salinity (average 0--200 m), (C) chlorophyll *a* (mg m^-3^, 0--50 m) and (D) bottom depth (n = 24 for all regressions). The shading of the dots indicates if the data are from the southwest (SW: black squares), north (N: grey circles) and east (E: white triangles) of Iceland.](pone.0187360.g006){#pone.0187360.g006}

10.1371/journal.pone.0187360.t002

###### Pearson's correlation matrix (n = 24).

![](pone.0187360.t002){#pone.0187360.t002g}

                     OPB     T                                               S                                               D                                              Chl *a*                                       *M*. *nor*
  ------------------ ------- ----------------------------------------------- ----------------------------------------------- ---------------------------------------------- --------------------------------------------- ------------
  Temperature        -0.14                                                                                                                                                                                                
  Salinity           -0.27   0.93[\*\*\*](#t002fn003){ref-type="table-fn"}                                                                                                                                                
  Depth              -0.38   -0.18                                           -0.1                                                                                                                                         
  Chl *a*            -0.22   0.77[\*\*\*](#t002fn003){ref-type="table-fn"}   0.74[\*\*\*](#t002fn003){ref-type="table-fn"}   -0.19                                                                                        
  *M*. *norvegica*   -0.17   0.67[\*\*\*](#t002fn003){ref-type="table-fn"}   0.67[\*\*\*](#t002fn003){ref-type="table-fn"}   -0.01                                          0.55[\*\*](#t002fn003){ref-type="table-fn"}   
  *T*. *inermis*     0.39    -0.29                                           -0.16                                           -0.52[\*\*](#t002fn003){ref-type="table-fn"}   -0.13                                         -0.04

Variables are the onset of the phytoplankton spring bloom (OPB), temperature (°C, average 0--200m), salinity (average 0--200 m), bottom depth (ln-transformed, m), chlorophyll *a* (ln-transformed, mg m^-3^, average 0--50 m) and abundance of *Meganyctiphanes norvegica* and *Thysanoessa inermis* (ln(x+1)). Asterisks indicate significance level

\*\*\* *P* \<0.001 and

\*\* *P*\<0.01.

It is reasonable to assume that the environmental variables may act together in affecting the distribution of *M*. *norvegica* and *T*. *inermis*, and therefore multiple linear regression analyses were attempted. Temperature and salinity were highly correlated (Pearson's *r* = 0.93, n = 26, *P*\<0.0001; VIF\>10), accordingly models were run with these variables separately. The analyses showed that the abundance of *M*. *norvegica* was positively related to temperature (*r*^*2*^ = 0.45, n = 24, [Table 3](#pone.0187360.t003){ref-type="table"}), whereas, the abundance of *T*. *inermis* was negatively related to both temperature and bottom depth (*r*^*2*^ = 0.42, n = 24, [Table 3](#pone.0187360.t003){ref-type="table"}, model 11).

10.1371/journal.pone.0187360.t003

###### Results of stepwise multiple linear regression analyses carried out to predict the abundance of *Meganyctiphanes norvegica* and *Thysanoessa inermis* (n = 24).

![](pone.0187360.t003){#pone.0187360.t003g}

  Species       Model equation                                                                                                    Model                                                                                            Variables removed   *r*^2^   *P*         AIC
  ------------- ----------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------ ------------------- -------- ----------- -------
  *M*. *nor*    1                                                                                                                 ln(M.nor+1) = -0.19+0.21T[\*](#t003fn004){ref-type="table-fn"}-0.007OPB +0.24ln(Chl)+0.25ln(D)   S                   0.47     0.013       58.32
  2             ln(M.nor+1) = -0.39+ 0.21T[\*](#t003fn004){ref-type="table-fn"}+ 0.26ln(Chl)+0.27ln(D)                            S, OPB                                                                                           0.47                0.005    56.34       
  3             ln(M.nor+1) = -0.53+0.24T[\*\*\*](#t003fn002){ref-type="table-fn"}+0.26ln(D)                                      S, OPB, Chl *a*                                                                                  0.47                0.001    54.52       
  4             ln(M.nor+1) = 0.18+0.23T[\*\*\*](#t003fn002){ref-type="table-fn"}                                                 S, OPB, Chl *a*, D                                                                               0.45                0.0003   **53.08**   
  5             ln(M.nor+1) = -105+2.99S[\*](#t003fn004){ref-type="table-fn"}+0.024OPB+0.41ln(Chl)+0.24ln(D)                      T                                                                                                0.46                0.014    58.62       
  6             ln(M.nor+1) = -101 + 2.92S[\*](#t003fn004){ref-type="table-fn"} + 0.38ln(Chl) +0.18ln(D)                          T, OPB                                                                                           0.46                0.005    56.77       
  7             ln(M.nor+1) = -102+2.96S[\*](#t003fn004){ref-type="table-fn"}+0.33ln(Chl)                                         T, OPB, D                                                                                        0.45                0.002    55.02       
  8             ln(M.nor+1) = -119+3.43S[\*\*\*](#t003fn002){ref-type="table-fn"}                                                 T, OPB, D, Chl *a*                                                                               0.45                0.0003   53.34       
  *T*. *iner*   9                                                                                                                 ln(T.iner+1) = 4.1--0.19T+0.07OPB+0.58ln(Chl)-1.24ln(D)[\*](#t003fn004){ref-type="table-fn"}     S                   0.46     0.017       62.62
  10            ln(T.iner+1) = 4.1--0.13T+0.06OPB-1.30ln(D)[\*](#t003fn004){ref-type="table-fn"}                                  S, Chl *a*                                                                                       0.44                0.008    61.33       
  11            ln(T.iner+1) = 5.7--0.14T[\*](#t003fn004){ref-type="table-fn"}-1.45ln(D)[\*\*](#t003fn003){ref-type="table-fn"}   S, Chl *a*, OPB                                                                                  0.42                0.003    **60.05**   
  12            ln(T.iner+1) = 14.2--0.32S+0.06OPB-0.48ln(Chl)-1.21ln(D)[\*](#t003fn004){ref-type="table-fn"}                     T                                                                                                0.35                0.073    66.90       
  13            ln(T.iner+1) = 33.8--0.88S+0.07OPB-1.16ln(D)[\*](#t003fn004){ref-type="table-fn"}                                 T, Chl *a*                                                                                       0.34                0.037    65.24       
  14            ln(T.iner+1) = 2.19+0.09OPB-1.06ln(D)[\*](#t003fn004){ref-type="table-fn"}                                        T, Chl *a*, S                                                                                    0.32                0.018    64.04       
  15            ln(T.iner+1) = 4.55--1.28ln(D)[\*](#t003fn004){ref-type="table-fn"}                                               T, Chl *a*, S, OPB                                                                               0.27                0.009    63.59       

Temperature (T, 0--200 m), salinity (S, 0--200 m), bottom depth (D, m), the onset of the phytoplankton spring bloom (OPB, weeks) and chlorophyll *a* (mg m^-3^, 0--50 m) were used as independent variables. For each model, regression coefficients, the total variance explained (*r*^2^), significance (*P*) and Akaike Information Criteria (AIC) are given. The AIC values in bold indicate the best model for *M*. *norvegica* and *T*. *inermis*. Asterisks indicate significance level

\*\*\* *P* \<0.001

\*\* *P*\<0.01 and

\* *P*\<0.05.

Length-frequency distribution and population structure {#sec012}
------------------------------------------------------

Finite mixture models were used to identify the cohorts statistically in each region ([Fig 7](#pone.0187360.g007){ref-type="fig"}). The modelled population structure of *M*. *norvegica* was bimodal in the southwest and east, probably reflecting 2-year classes. However, the test failed to identify two length modes in the north (χ^2^ = 7e^-09^, *P*\>0.05), but this may have resulted from the few number of samples. The population structure was unimodal for *T*. *inermis* in all three regions. For all regions, the 1 year class of *M*. *norvegica* had much higher frequency than the 2 year class.

![Length-frequency distributions of *Meganyctiphanes norvegica* and *Thysanoessa inermis* in the southwest (SW), north (N) and east (E) of Iceland, 14--29 May 2013.\
The curves show the cohort components for each region and species. The number of individuals measured is stated in each graph. Note that the axes have different scales. See the [Materials and Methods](#sec002){ref-type="sec"} for an explanation how the cohorts were identified.](pone.0187360.g007){#pone.0187360.g007}

For *M*. *norvegica*, the smaller length mode (1 year old individuals) had a mean length of 24.2 mm in the southwest and \~22.0 mm in north and east ([Fig 7](#pone.0187360.g007){ref-type="fig"}). The larger length mode (2 year old) of *M*. *norvegica* had an average length of 29.1 mm in the southwest and 29.7 mm in the east. For *T*. *inermis*, the single length mode was larger in the north (22.9 mm) than in the southwest (21.8 mm) and east (21.2 mm).

Two-sample Kolmogorov & Smirnov tests were used to examine if the length-frequency distributions of *M*. *norvegica* and *T*. *inermis* varied among regions for all stages combined and for the sexes separately. For *M*. *norvegica*, the tests showed that the length-frequency distributions were similar between regions for all stages combined (n = 2407, 111 and 419 for southwest, north and east, respectively, *P* \>0.05), and also for males and females separately for southwest (n = 1272 and 975 for males and females, respectively, *P*\>0.05), north (n = 34 and 30 for males and females, respectively, *P* \>0.05) and east (n = 152 and 188 for males and females, respectively, *P*\>0.05).

For *T*. *inermis*, the length-frequency distributions were significantly different between north and east (n = 1257 and 1074 for north and east, respectively, *P* = 0.02) but similar among the other regions (n = 667, 1257 and 1074 for southwest, north and east, respectively, *P*\>0.05). Males and females of *T*. *inermis* had similar length distributions in the southwest (n = 302 and 365 for males and females, respectively, *P*\>0.05). However, significant differences were found in the length distributions of *T*. *inermis* males and females in north (n = 522 and 735 for males and females, respectively, *P* = 0.05) and east (n = 491 and 583 for males and females, respectively, *P* = 0.05), with the females being on average larger than the males ([Fig 8](#pone.0187360.g008){ref-type="fig"}).

![Length-frequency distributions of *Meganyctiphanes norvegica* and *Thysanoessa inermis* in the southwest (SW), north (N) and east (E) of Iceland divided by sex and maturation stages, 14--29 May 2013.\
Bars above abscissas indicate females and below are the males. The number of individuals measured is stated in each graph. Note that the axes have different scales. See [Materials and Methods](#sec002){ref-type="sec"} for details on the maturation stages.](pone.0187360.g008){#pone.0187360.g008}

In the southwest, almost all female and most male *M*. *norvegica* 1 year olds (the smaller length mode) were with spermatophores (stage 4), indicating that the populations in these areas reach maturity and reproduce as 1 year olds. Conversely, in the north and east, only a relatively small part of the 1 year old females were carrying spermatophores, whereas the 2 year olds (the larger length mode) in the east were comprised solely of mature individuals (stage 3), and most with spermatophores (stage 4), indicating that in these areas most of the populations will reproduce as 2 year olds.

In southwest and north the single length mode of *T*. *inermis* was made up of mature individuals (stage 3) and most with spermatophores (stage 4), indicating spawning activity in these regions. In the east, the population structure was more mixed consisting of stages 2--4. However, in the east most of the females were bearing spermatophores (stage 4), showing that the population was also reproducing there.

Discussion {#sec013}
==========

Sampling considerations {#sec014}
-----------------------

When interpreting the present data, it is important to bear in mind that due to the rather large meshes of the pelagic trawl (mesh size of 4 mm, 6 mm stretched), some of the juveniles will inevitably escape. Thus, as discussed in the Methods section, it is likely that the trawl used for sampling will not catch effectively krill \<16 mm total length. Accordingly, the juveniles of *T*. *inermis* (total length \~12--20 mm in May, \[[@pone.0187360.ref009]--[@pone.0187360.ref012]\]) were not sampled effectively, while those of *M*. *norvegica* (\~16--20 mm in May, \[[@pone.0187360.ref009], [@pone.0187360.ref013]\]) probably were. In spite of these limitations, we nevertheless believe that the present material demonstrates the main patterns in distribution and population structure of these two species in the waters around Iceland during spring.

Further, the fact that we only sampled down to 200 m depth, whereas krill may stay as deep as \~100--500 m during spring and summer \[[@pone.0187360.ref009], [@pone.0187360.ref016], [@pone.0187360.ref017]\], may represent a problem. However, at most of the sampling stations the bottom depth was \<200 m, meaning that at these stations the whole population was sampled by the 0--200 m trawl sampling. At a few offshore stations (8 in all), however, the bottom depth was greater than 200 m, and this would possibly have led to underestimates of krill abundance at these stations. In order to explore the depth distribution of krill at these stations, we have analysed acoustic data that were collected along the survey routes using Simrad EK601 scientific echo sounders (Kongsberg Maritime AS) with 38 and 120 kHz transducers allowing the backscatter frequency response of euphausiids down to 300 m to be observed (see Reynisson and Gislason \[[@pone.0187360.ref048]\] for further details). This analysis showed that krill were mostly distributed above 200 m depth both in the onshore and offshore areas. Whilst it cannot be discounted that some krill stayed below the sampling depth of the acoustics (300 m) at the deepest offshore stations, we feel that these results nevertheless support the interpretation that we were catching all or the main part of the populations in the deep offshore areas also.

Moreover, while the temporal coverage of this study may not be optimal, krill tends to be patchy distributed \[[@pone.0187360.ref012]\] making it difficult to obtain representative samples of the whole populations. However, the large-scale nature of this study and the fact that we combined samples by oceanographic regimes, at least partly remedies these limitations.

Distribution {#sec015}
------------

Our results show a high degree of spatial variability in the distribution of both *M*. *norvegica* and *T*. *inermis* around Iceland ([Fig 4A and 4E](#pone.0187360.g004){ref-type="fig"}). Both species occurred in highest abundances in the southwest, whereas *T*. *inermis* was also relatively abundant in north and east (Figs [2C](#pone.0187360.g002){ref-type="fig"}, [3B](#pone.0187360.g003){ref-type="fig"}, [4A and 4E](#pone.0187360.g004){ref-type="fig"}). The multiple linear regression analysis showed that the abundance of *M*. *norvegica* was positively related to temperature, whereas *T*. *inermis* was negatively related to temperature and bottom depth ([Table 3](#pone.0187360.t003){ref-type="table"}). Therefore, the different distribution patterns of *M*. *norvegica* and *T*. *inermis* is most likely determined by the distribution of different water masses around Iceland and topography. The negative association of *T*. *inermis* with bottom depth is in agreement with other studies that have shown *T*. *inermis* to be mainly confined to shelf areas and the coastal banks \[[@pone.0187360.ref009], [@pone.0187360.ref011], [@pone.0187360.ref012], [@pone.0187360.ref014], [@pone.0187360.ref049]\]. Our findings are in agreement with the generalization that *T*. *inermis* is abundant in Subarctic--Arctic coastal regions while *M*. *norvegica* is mostly found in regions where Atlantic water predominates \[[@pone.0187360.ref011],[@pone.0187360.ref049], [@pone.0187360.ref050]\].

Previous studies have shown both *M*. *norvegica* and *T*. *inermis* to be opportunistic in their feeding behaviours, with the trophic position of both species being dependent on the availability of food \[[@pone.0187360.ref051]--[@pone.0187360.ref055]\]. Thus, both species are able to supplement herbivorous feeding by omnivory or carnivory during periods of low phytoplankton growth. Studies have shown that *T*. *inermis* fed on larger diatom cells, detritus and small zooplankton \[[@pone.0187360.ref052], [@pone.0187360.ref055]\]. The preference for smaller zooplankton may be a factor in explaining the more on-shelf distribution pattern of this species as compared to *M*. *norvegica*.

Maturity {#sec016}
--------

The numbers of reproductively active females of both species (i.e. females with spermatophores) were highest in the southwest ([Fig 4C and 4G](#pone.0187360.g004){ref-type="fig"}) which fits with that we found the highest number of eggs and larvae in the same areas during the survey \[[@pone.0187360.ref032]\]. The high breeding activity of *M*. *norvegica* in southwest accords well with the findings of Einarsson \[[@pone.0187360.ref009]\] found. However, we also observed a relatively high percentage (\~40--60%) of female *M*. *norvegica* carrying spermatophores in the north indicating some breeding activity also there ([Fig 4D](#pone.0187360.g004){ref-type="fig"}). However, these active reproductive animals may well have been brought to the northern regions from the south by currents ([Fig 1](#pone.0187360.g001){ref-type="fig"}).

The distribution of *T*. *inermis* females carrying spermatophores was mainly restricted to the coastal banks in the southwest thus indicating high breeding activity there ([Fig 4G](#pone.0187360.g004){ref-type="fig"}). In the north and east, breeding activity appeared much more limited as deduced from the number and percentage of females with spermatophores ([Fig 4G and 4H](#pone.0187360.g004){ref-type="fig"}). This is at odds with Einarsson \[[@pone.0187360.ref009]\], in that high breeding activity of *T*. *inermis* occurs to the north and east of Iceland.

The sex ratios of *M*. *norvegica* were different between the three regions, with a higher proportion of males in the southwest (1.3) than in the north (1.1) and east (0.8). Mauchline and Fisher \[[@pone.0187360.ref016]\] suggested that sex ratio changes in a population could be used to detect mortality at breeding as mortality rates can vary between sexes during the breeding period \[[@pone.0187360.ref056]\], with studies indicating that males die after spermatophore transfer and females die after egg-laying \[[@pone.0187360.ref016], [@pone.0187360.ref050]\]. If this holds true, then the higher proportion of males in southwest compared to the other regions could indicate earlier breeding activity in southwest relative to the other regions.

The sex ratios of *T*. *inermis* were similar all around Iceland, with generally higher proportions of females than males in the samples (\~0.8). Similarly, in the Barents Sea and Balsfjorden, northern Norway, the sex ratio of *T*. *inermis* tends to oscillate close to one throughout the year \[[@pone.0187360.ref050], [@pone.0187360.ref057]\].

Population structure {#sec017}
--------------------

The modelled length-frequency distributions of *M*. *norvegica* were bimodal in the south and east indicating a 2 year life cycle. In the north the two length modes were not statistically significant probably because of too low sample size ([Fig 7](#pone.0187360.g007){ref-type="fig"}). However, the distribution of maturity stages indicates that the population reaches maturity as 1 year olds in all areas ([Fig 8](#pone.0187360.g008){ref-type="fig"}). Similarly, previous studies from around Iceland and in the Irminger Sea \[[@pone.0187360.ref009], [@pone.0187360.ref013]\], found *M*. *norvegica* having a life span of 2 years and reaching maturity at 1 year ([Fig 8](#pone.0187360.g008){ref-type="fig"}).

In contrast, we found that the modelled length-frequency distributions were unimodal for *T*. *inermis* ([Fig 7](#pone.0187360.g007){ref-type="fig"}). Einarsson \[[@pone.0187360.ref009]\] found that populations of *T*. *inermis* in the north and east reached maturity when 2 year old, while in the south a part of the population had a life expectancy of only 1 year. Saunders et al. \[[@pone.0187360.ref012]\] found during spring a unimodal length distribution of *T*. *inermis* in the Irminger Sea consisting of 2 year old individuals. Similarly, Astthorsson \[[@pone.0187360.ref010]\] and Astthorsson and Gislason \[[@pone.0187360.ref011]\] found that the 1 and 2 year old year classes of *T*. *inermis* tend to overlap in size in May in Icelandic waters. Therefore, the unimodal length distribution of *T*. *inermis* in our study may represent 2 year classes (1 and 2 year olds) merged into one size mode.

The fact that there was no sign of the 0 year class for neither species in our study ([Fig 7](#pone.0187360.g007){ref-type="fig"}) is likely because both species are \<10 mm in May-June as a 0 year class \[[@pone.0187360.ref009]\]. Therefore, the 0 year class was not caught effectively by the 4x4 mm meshes of the macrozooplankton trawl. Similarly, the larval survey indicated low abundance of furcilia and juveniles at this time of the year \[[@pone.0187360.ref032]\].

In the southwest and north, *T*. *inermis* were larger (\~22 and 23 mm) than in the east (\~21 mm, [Fig 8](#pone.0187360.g008){ref-type="fig"}). It is well established that the warmer waters off the southwest coast of Iceland are more productive than the colder areas in north and east \[[@pone.0187360.ref008], [@pone.0187360.ref027], [@pone.0187360.ref030]\]. The influence of warm Atlantic water in the southwest and north ([Table 1](#pone.0187360.t001){ref-type="table"}) may thus promote faster growth of *T*. *inermis*, as temperature and food conditions are known to affect the maturation and growth of krill \[[@pone.0187360.ref010], [@pone.0187360.ref013], [@pone.0187360.ref039]\].

Females of *T*. *inermis* tended to be larger than the males ([Fig 8](#pone.0187360.g008){ref-type="fig"}). This most likely reflects either different growth rates of males and females with the females growing faster than the males or different death rates of males and females with older and larger males dying off from the populations at a faster rate than the females. The same gender-related variability in the size of *T*. *inermis* females and males was also found by Astthorsson \[[@pone.0187360.ref010]\] in Ísafjord-deep, northwest of Iceland but was not detected in the subarctic waters north of Iceland \[[@pone.0187360.ref011]\]. In the Barents Sea, Dalpadado and Ikeda \[[@pone.0187360.ref058]\] found no difference in the growth of *T*. *inermis* females and males during spring.

Conclusions {#sec018}
-----------

This is the most comprehensive study of variation in euphausiids abundance and population dynamics in relation to the underlying oceanographic regime in Icelandic waters to date. Our study showed that hydrographic parameters, particularly temperature and underlying bathymetry, had a major role in influencing the distribution, reproductive behaviour and population structure of two key species, *M*. *norvegica* and *T*. *inermis*, in this important ecosystem. The influence of warm and productive Atlantic water, in particular, appeared to be important in the development and life cycles of these species in this region. Our data provide important contemporary baselines for ongoing ecosystem and food web studies in this region, and our results highlight the requirement for elucidating the environmental mechanisms influencing the distribution and ecology of krill species around Iceland to underpin effective ecosystem-based management strategies in the region.
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